Abstract-Techniques utilizing electromagnetic energy at microwave and optical frequencies have been shown to be promising for breast cancer detection and diagnosis. Since different biophysical mechanisms are exploited at these frequencies to discriminate between healthy and diseased tissue, combining these two modalities may result in a more powerful approach for breast cancer detection and diagnosis. Toward this end, we performed microwave dielectric spectroscopy and optical diffuse reflectance spectroscopy measurements at the same sites on freshly excised normal breast tissues obtained from reduction surgeries at the University of Wisconsin Hospital, using microwave and optical probes with very similar sensing volumes. We found that the microwave dielectric constant and effective conductivity are correlated with tissue composition across the entire measurement frequency range (|r| ∼ 0.5-0.6, p < 0.01) and that the optical absorption coefficient at 460 nm and optical scattering coefficient are correlated with tissue composition (|r| ∼ 0.4-0.6, p < 0.02). Finally, we found that the optical absorption coefficient at 460 nm is correlated with the microwave dielectric constant and effective conductivity (r = −0.55, p < 0.01). Our results suggest that combining optical and microwave modalities for analyzing breast tissue samples may serve as a crosscheck and provide complementary information about tissue composition.
Electromagnetic Spectroscopy of Normal Breast
Tissue Specimens Obtained From Reduction Surgeries: Comparison of Optical and Microwave Properties cer detection and diagnosis, respectively, neither approach is ideal. Mammography suffers from high false-negative and falsepositive rates [1] , [2] . In addition, mammography utilizes highfrequency ionizing radiation and requires uncomfortable breast compression, which can discourage women from seeking regular exams that are necessary for timely detection of potential malignancies. Open surgical biopsy is performed in the operating room and requires general anesthesia. Needle biopsy, a minimally invasive alternative, is less expensive, faster, and requires a shorter recovery time. However, the sampling accuracy of needle biopsy is limited because only a few small pieces of tissue are sampled from the suspicious mass. Consequently, this procedure has a false-negative rate of 1%-7% when verified with follow-up mammography [3] , and repeat biopsies are required in 9%-18% of patients due to discordance between histological findings and mammography [4] , [5] . Screening and diagnostic techniques that employ electromagnetic signals at microwave or optical frequencies aim to overcome some of the above-stated challenges. For example, a number of research groups are currently investigating electromagnetic breast cancer detection techniques in the microwave-frequency range [6] - [13] . These low-cost, noninvasive techniques illuminate the breast with extremely low-power, nonionizing microwave signals, and create images from the microwave scattered signals. As another example, diffuse reflectance spectroscopy is being investigated as a tool for characterizing tissue pathology [14] - [16] . This technology is cost effective and can be deployed through fiber-optic probes to quickly, nondestructively, and quantitatively characterize tissue pathology in vivo. The physical basis for the aforementioned techniques is the predicted sensitivity of electromagnetic properties at both microwave and optical frequencies to the tissue's physiological state (see, for example, [17] ).
At microwave frequencies, the polarization response of the tissue is quantified via the frequency-dependent complex dielectric constantˆ (ω). At optical wavelengths, diffuse reflectance spectroscopy provides a measure of absorption (quantified via the absorption coefficient µ a ) and scattering (quantified via the reduced scattering coefficient µ s ) properties of tissue. Since different biophysical mechanisms are at play in the optical and microwave regions of the electromagnetic spectrum, more effective detection and diagnosis may be achieved by combining microwave and optical sensing modalities. In fact, Poplack et al. [18] showed that multimodality breast imaging that combines three electromagnetic techniques-near-infrared spectroscopy, electrical impedance spectroscopy, and microwave imaging spectroscopy-may enhance detectability of abnormalities over each individual imaging technique.
Lazebnik et al. [19] , [20] recently reported the results of a large-scale study of the microwave properties of normal and malignant breast tissue samples obtained from breast reduction and cancer surgeries at the University of Wisconsin and University of Calgary. Zhu et al. [21] , [22] also recently reported the results of an analogous study of the optical properties of breast tissue samples obtained from surgeries at the University of Wisconsin. The tissue composition of the characterized samples was carefully analyzed and correlated with the measured properties. In both frequency regimes, the electromagnetic properties were shown to be sensitive to the specific tissue composition. These promising findings motivate the next step involving a comparison of the microwave and optical properties of breast tissue to determine the extent to which the properties are correlated. The logical starting point for this next step is a basic-science study of normal breast tissue, as it establishes a foundation for future studies on diseased tissue.
In this paper, we compare and correlate the microwave and optical properties of a variety of normal breast tissue samples with known tissue composition. The datasets that we use in this research were subsets of the large-scale studies reported in [19] and [22] . The subset included those normal samples obtained from reduction surgeries for which the microwave and optical measurements were conducted at the same sites within minutes of each other using probes that have very similar sensing volumes.
This paper addresses an important gap in the scientific literature, as very little data have been published to date correlating the optical and microwave properties of normal breast tissue. To the best of our knowledge, the only previous study on this topic was published by Poplack et al. [23] . The average tissue property values at microwave and optical frequencies were compared in 23 negative-diagnosis women undergoing screening mammography. The properties were obtained by imaging the patients' breasts using three noninvasive electromagnetic modalities-near-infrared spectroscopy, electrical impedance spectroscopy, and microwave imaging spectroscopy. However, since the study involved in vivo imaging, and no histological analysis was performed, the actual composition of the breast tissue was not known precisely. Instead, body mass index (BMI) was used as an indirect measure of breast adipose tissue content.
The remainder of this paper is organized as follows. Section II describes the tissue collection and handling protocol, as well as the data acquisition, processing, and analysis methods. Section III presents the microwave and optical spectroscopy results, as well as correlations between microwave and optical data. In addition, we present a comparison between the results of this study and previously published work. Finally, Section IV summarizes the conclusions of this research.
II. EXPERIMENTAL PROCEDURES

A. Source of Tissue Samples
We obtained 60 normal breast tissue specimens from 17 patients undergoing breast reduction surgeries at the University of Wisconsin Hospital and Clinics. Patient age ranged between 21 and 64 years. The tissue handling protocol will be briefly summarized here; see [19] for a more detailed description. The freshly excised tissue specimens were transported to the measurement site (the pathology suite at the hospital) within 80 min of excision in heated, sealed, and insulated containers to minimize desiccation. Specimen size ranged from approximately 2 × 2 cm 2 to 10 × 10 cm 2 , and specimen thickness was always at least 4 mm. The optical spectroscopy measurements were conducted no more than 1-2 min following the microwave spectroscopy measurements.
We aimed to take a measurement on a sample of adipose and a sample of fibroconnective/glandular tissue from the right and left breasts of each patient. However, in the case of some patients, we were unable to collect all four measurements for reasons such as inadequate specimen size. The database of measurements analyzed in this paper are subsets of the larger databases analyzed in [19] and [22] .
B. Data Acquisition
1) Microwave
Dielectric Spectroscopy: Microwavefrequency dielectric spectroscopy was conducted from 0.5 to 20 GHz using a precision open-ended coaxial probe connected to a vector network analyzer. The 3-mm-diameter flangefree precision probe is very well suited for this application because: 1) the small diameter allows for excellent contact with the tissue sample across the entire probe aperture; 2) the hermetically sealed aperture prevents fluid leakage into the aperture; and 3) the materials are chemically stable and thermally matched, allowing for long-term robustness and stability of the probe performance. The dielectric measurement procedure used in these experiments was previously described in detail elsewhere [24] , and will be summarized here. The complex reflection coefficient at the calibration plane of the open-ended coaxial probe was recorded. A de-embedding model, based on probe-specific numerical simulations that took into account the specific probe geometry, was used to translate the reflection coefficient from the calibration plane to the aperture plane. Then, a rational function model originally proposed in [25] and [26] and adapted for our probe in [24] was used to convert the aperture plane reflection coefficient to the frequency-dependent complex permittivity of the sample under testˆ
where ω is the radial frequency, j = √ −1, r is the dielectric constant, σ is the effective conductivity, and 0 is the permittivity of free space.
2) Optical Spectroscopy: Diffuse reflectance spectra of breast tissues were measured over the wavelength range of 350-600 nm using a fiber-optic probe coupled to a multiwavelength optical spectrometer. The spectrometer and instrument parameters have been described in detail elsewhere [27] . The common end of the fiber-optic probe (which is in contact with the tissue) has a central illumination core and three concentric rings of collection fibers surrounding the central core. In this study, only the diffuse reflectance spectra measured with the inner collection ring was analyzed, to ensure that the breast tissue samples could be modeled as a semi-infinite medium over the wavelength range and for the range of sample thickness examined in this paper; the outer collection rings that have greater optical sensing depths were excluded [21] , [22] . A Monte Carlobased inverse model developed previously [28] was employed to extract the absorption and scattering properties of breast tissues from the measured diffuse reflectance spectra. The outputs from the inverse Monte Carlo model include the size and density of scatterers, the concentrations of oxygenated and deoxygenated hemoglobin, and β-carotene, which are the primary light absorbers in the visible spectral range that are presumed to be present in breast tissue. Absorption and reduced scattering coefficients were calculated from these extracted parameters for the wavelength range of 350-600 nm.
The absorption coefficients were calculated using the extracted concentration of each absorber and their wavelengthdependent extinction coefficients. In this paper, we analyzed absorption coefficients at specific wavelengths: 420 nm, a Soret band of hemoglobin absorption; 460 nm, a peak absorption band of β-carotene; and 540 and 575 nm, which are α and β peaks of hemoglobin absorption [29] . Reduced scattering coefficients were calculated from the scatterer size, density, and refractive index mismatch between the scatterer and surrounding medium using Mie theory for spherical particles [30] . The reduced scattering coefficient was used rather than the scatterer size or density because different values of scatterer diameter and density can yield similar values for the reduced scattering coefficient using Mie theory. Thus, the reduced scattering coefficient, which directly affects the diffuse reflectance spectra, was used to describe the scattering property. Also, the reduced scattering coefficients were averaged over the wavelength range to obtain the mean reduced scattering coefficient, in order to be consistent with the way the scattering properties of human tissues are reported in the literature.
3) Microwave and Optical Probe Sensing Volumes: The sensing depth of the microwave dielectric probe was previously determined to be ∼1.25-3 mm, which is a function of the dielectric constant of the material under test [31] . Although these values are useful guidelines, we note that the measured dielectric properties are heavily influenced by the tissue directly beneath the probe aperture. The diffuse reflectance sensing depth of the multiseparation probe was evaluated using Monte Carlo simulations, and found to be approximately 0.5-2 mm [32] . Since the sensing depths of the microwave and optical probes are very similar, the comparison between the microwave and optical properties extracted from the measurements is justified.
4) Histological Analysis:
Immediately following each measurement, we marked the exact probe placement site on each tissue specimen using black ink, and a medial cross-sectional Fig. 1 . Schematic diagram illustrating a medial cross section through the measurement site, which is processed to create a histology slide.
slice was cut and processed to create a histological slide (see Fig. 1 ). A microscope was used to create a digital image of a 5-mm depth by 7 mm crosswise region of the slide. Subsequently, a pathologist conducted a histological analysis of each slide. The tissue composition in the sensing volume of the probes was broadly categorized in terms of percentages of adipose, glandular, dense fibrous, and loose connective tissues. We combined the dense fibrous and loose connective tissue type categories into a single "fibroconnective" tissue type.
C. Method of Data Analysis
We applied the exclusionary criteria reported in [19] to minimize uncertainty in the determination of tissue composition within the probes' sensing volumes and to ensure consistency of the collected microwave spectroscopy data with the KramersKronig relation [19] . Based on these criteria, we excluded 28 samples, leaving 32 samples for final analysis. Of these, three samples contained 0-30% adipose tissue content, 11 samples contained 31%-84% adipose tissue content, and 18 samples contained 85%-100% adipose tissue content. To calculate correlations between the various parameters, we used the Spearman rank correlation, instead of the more common Pearson correlation. The latter is a parametric method, which assumes that both datasets are sampled from populations that have, at least approximately, a normal (Gaussian) distribution. The Spearman rank correlation, a nonparametric method, is a good alternative when population sizes are small and a normal distribution cannot be assumed. Its calculation is based on ranking the two variables and makes no assumption about the distributions. We calculated the correlation coefficients (r) between the datasets using the MATLAB function corr. Finally, we fit a line to the data using the MATLAB function polyfit in order to visually demonstrate the correlations between the various parameters under consideration.
III. RESULTS AND DISCUSSION
In this section, we first present an overview of the results of the statistical analysis, followed by a detailed discussion of the correlations between microwave parameters ( r and σ) and tissue composition, correlations between optical parameters (µ a and µ s ) and tissue composition, and correlations between microwave and optical parameters. We also compare the results of our research with previously published work. Table I summarizes the results of the correlations between tissue composition and microwave properties (dielectric constant and effective conductivity) at 5, 10, and 15 GHz. These three frequencies were chosen as representative points across the wide frequency range of our measurements. Similarly, Table II summarizes the correlations between tissue composition and optical properties (mean reduced scattering coefficient and absorption coefficient) at 420, 460, 540, and 575 nm. Finally, Table III summarizes the correlations between the dielectric constant and effective conductivity at 5, 10, and 15 GHz and the mean reduced scattering coefficient and absorption coefficients at 460, 540, and 575 nm. In all tables, the absence of a statistically significant correlation is indicated by a zero (0). Correlations were considered statistically significant for p < 0.01. Fig. 2 shows the dielectric constant and effective conductivity at 10 GHz as a function of the absorption coefficient at 460 nm. The circles represent the data points, while the straight lines are fits to the data points. The correlation coefficients and p-values are shown in the boxes in the figures. 
B. Microwave Correlations
We found statistically significant, though moderate (|r| ∼ 0.5-0.6, p < 0.01), correlations between the microwave dielectric properties and breast tissue composition (see Table I ). The correlation coefficients at 5, 10, and 15 GHz are very similar, indicating that these parameters are correlated across the entire measurement frequency range. Both the dielectric constant and effective conductivity tend to decrease as the adipose content of a tissue sample increases. Conversely, as the percent glandular and/or fibroconnective tissue increases, both the dielectric constant and effective conductivity increase. These trends most likely arise due to the large differences in water content of adipose and other tissue types [33] . As the adipose content in a particular tissue sample increases, the water content is reduced, corresponding to the reduced microwave dielectric properties. These results are consistent with general understanding of dielectric spectroscopy of biological tissues [34] , [35] , as well as the findings reported in [19] for the larger dataset, indicating that the reduced number of samples analyzed here did not skew the dielectric properties results.
C. Optical Correlations
We found statistically significant, though moderate (|r| ∼ 0.4-0.6, p < 0.02), correlations between the optical properties and breast tissue composition (see Table II ). The absorption coefficients at 420, 540, and 575 nm do not show statistically significant correlation with tissue properties. The mean reduced scattering coefficient decreases, while the absorption coefficient at 460 nm increases, as the adipose content of the tissue samples increases. This result agrees with expectation because 460 nm is the peak absorption band of β-carotene, which is a carotenoid and an optically active absorber primarily stored in adipose tissue. The mean reduced scattering coefficient increases, while the absorption coefficient at 460 nm decreases, as the glandular and fibroconnective contents of the tissue samples increase. These results are consistent with the results from the larger database analyzed in [22] , indicating that the results are not skewed by the smaller number of samples analyzed in this paper.
D. Microwave-Optical Cross Correlations
We found statistically significant, though moderate (r = −0.55, p < 0.01), correlations between the optical absorption coefficient at 460 nm and the microwave dielectric properties across the entire measurement frequency range (see Table III and Fig. 2 ). This correlation agrees with expectation, since the absorption coefficient and dielectric properties are influenced to a large extent by the quantity of adipose tissue in a particular tissue sample.
We did not find a correlation between the microwave dielectric properties and any other optical parameters analyzed in this study. The fact that we found no correlation between the mean reduced scattering coefficient and the microwave dielectric properties is surprising given that both the dielectric constant and effective conductivity are correlated with tissue composition, and the mean reduced scattering coefficient is correlated with tissue composition. One possible explanation for this finding is that the correlation between the mean reduced scattering coefficient and glandular tissue content is not as strong (p < 0.02) as the correlation between the dielectric constant and effective conductivity, and the glandular tissue content (p < 0.01).
E. Comparison With Previous Studies 1) Microwave Correlations:
We compared our data for samples with 95% and greater adipose content (16 samples) with the infiltrated fat data reported by Gabriel et al. [36] at 10 GHz, as well as adipose tissue data reported by Campbell and Land [37] at 3.2 GHz. In the former study, no quantitative tissue composition of "infiltrated fat" was provided; in the latter study, the water content of adipose tissue ranged from 11% to 31% by weight. In our study, the average dielectric constant of samples with 95% or greater adipose content at 10 GHz was 8.7, and the average effective conductivity was 1.7 S/m. The properties reported in [36] at this frequency ranged from about 3 to 10 for dielectric constant, and about 0.2-2 S/m for effective conductivity, which agrees very well with our data. The average dielectric constant of the samples measured in our study at 3.2 GHz was approximately 10.6, and the average effective conductivity was approximately 0.41 S/m. Campbell and Land [37] reported the dielectric constant of adipose tissue at this frequency ranging between 2.8 and 7.6, and the effective conductivity ranging between 0.054 and 0.29 S/m, which is slightly lower than the values found in our study. We believe this may be due to differences in the measurement protocol. The extra handling required for inserting the tissue samples into a resonant cavity [37] may have led to fluid loss from the tissue samples, resulting in slightly reduced microwave-frequency dielectric properties.
Poplack et al. [23] found a moderate negative correlation between the microwave properties and BMI, although not to statistically significant levels. We suspect that this may be due to the fact that BMI is not a direct measure of adipose tissue content in the breast.
2) Optical Correlations: Peters et al. [38] reported the absorption and reduced scattering coefficients at 540 nm for ex vivo normal adipose breast tissue to be approximately 2.3 and 10.3 cm −1 , respectively. In the study by Ghosh et al. [15] , the average absorption and reduced scattering coefficients for normal breast tissues (which were primarily adipose) ranged from approximately 1 to 1.5 cm −1 and from approximately 16.4 to 22 cm −1 , respectively, within the 450-600 nm wavelength range. Our estimate of the average absorption coefficients for breast samples containing 95% or greater adipose tissue content ranged from 1.02 to 7.75 cm −1 , and the average reduced scattering coefficients ranged from 13.7 to 17.9 cm −1 within the 450-600 nm spectral range. At 540 nm in particular, the average absorption and reduced scattering coefficients of the samples with 95% or greater adipose tissue content were 1.93 and 14.95 cm −1 , respectively. The values of our estimates of µ a and µ s were close to those of Ghosh et al. [15] and Peters et al. [38] .
The lack of statistically significant correlation between absorption coefficients at 420, 540, and 575 nm and tissue composition in our study implies that no important correlation was observed between the total hemoglobin content and tissue composition. This conclusion differs from those of Durduran et al. [39] , Poplack et al. [23] , and Spinelli et al. [40] , who found that the total hemoglobin content decreased when BMI increased. We believe that this discrepancy is due to several factors: 1) their observations were based on the optical properties of bulk breast tissues and were conducted in the near-infrared spectral range, while in our study, the tissue volumes were more localized, and the wavelengths interrogated were in the UV-Vis spectral range; 2) we measured freshly excised breast tissue samples, whereby the surgical and pathological dissections may have resulted in blood drainage from the cut surface, affecting the actual contributions of hemoglobin to the optical measurements [41] ; and 3) we used adipose content estimated from the histological section as a measure of tissue composition, while previous studies used BMI as a measure of tissue composition.
Our finding that the reduced scattering coefficient is inversely related to the adipose tissue content agrees with the findings from previously published studies. For example, Cerussi et al. [42] showed that the scattering power decreased with increasing BMI, and Durduran [39] reported that scattering coefficient decreased with BMI.
3) Microwave-Optical Cross Correlations: Poplack et al. [23] found a strong correlation (r = 0.80) between microwave conductivity and total hemoglobin concentration at near-infrared response (NIR) spectroscopy, suggesting that it is sensitive to local blood volume increases in tissues. However, we did not find a similar result. Again, this discrepancy may be due to the difference in measurement methodology between our study and that of [23] .
F. Correlations Between Microwave Parameters and Patient Age, and Optical Parameters and Patient Age
We found no statistically significant correlation between patient age and microwave dielectric properties and no statistically significant correlation between patient age and optical properties. Poplack et al. [23] found a small (2%-11%) decrease in the dielectric properties at 600 MHz with increasing patient age, though not to statistically significant levels. We did not expect to observe a correlation between microwave properties and patient age since very small tissue volumes, specifically selected for their tissue compositions, were analyzed in our study. Therefore, even though the adipose content of bulk breast tissue may increase as a woman ages (which may be confirmed by Poplack et al. [23] ), this effect would not be evident in our study since we are not analyzing bulk breast tissue specimens. These results are also consistent with the conclusions of the large-scale study reported by Lazebnik et al. [19] . In addition, we did not observe a correlation of the mean reduced scattering coefficient, or the absorption coefficient at 460 nm, with patient age, which agrees with the conclusions of Cerussi et al. [42] and Durduran et al. [39] .
G. Implications
In this paper, we correlated the microwave and optical properties of normal breast tissue samples with known tissue composition. We did not report analogous correlations for malignant tissues, since the number of malignant samples obtained from cancer surgeries that were simultaneously characterized using microwave and optical techniques was too small to perform reliable statistical analyses. Nevertheless, the microwave and optical properties of malignant breast tissues have been independently previously published in [20] and [21] . We believe that the direct comparisons between microwave and optical properties of normal breast tissues reported here, coupled with the independent reports of microwave and optical properties of malignant breast tissue in [20] and [21] , establishes a scientific foundation for future work involving the development of a multimodality approach for enhancing breast tissue characterization and ultimately breast cancer diagnosis. One example of such a joint modality is a noninvasive electromagnetic imaging approach that combines microwave and NIR techniques (see [18] and [23] ). A second example is a multimodality probe used during core needle biopsies for real-time in situ diagnosis of potential abnormalities, as well as intra-operative assessment of breast tumor margins.
IV. CONCLUSION
In this paper, we reported the results of our investigation to compare and correlate the optical and microwave properties of normal breast tissue samples with known tissue compositions obtained from reduction surgeries at the University of Wisconsin Hospital and Clinics. The dielectric and optical spectroscopy measurements were conducted at the same sites on freshly excised tissue samples within minutes of each other, utilizing probes with very similar sensing volumes. Since the microwave and optical techniques characterize different physical properties of the tissue samples-β-carotene concentration and cell structural properties at optical frequencies, and water content at microwave frequencies-a multimodality technique may be able to provide a more comprehensive assessment of tissue histology.
We found that moderate statistically significant correlations exist between microwave properties and tissue composition. Moderate statistically significant correlations were found between optical properties and tissue composition. No statistically significant correlations were found between microwave properties and patient age, and optical properties and patient age. Most importantly, we demonstrated moderate statistically significant correlations between microwave dielectric properties and the optical absorption coefficient at 460 nm, and no statistically significant correlations between microwave properties and the other optical properties. The correlated parameters may be useful as a cross-check of microwave and optical modalities, while the uncorrelated properties may provide complementary information about tissue composition. 
